ABSTRACT. Recent recession of high-mountain glacier ice and perennial snow and ice patches has exposed megafossil and macrofossil tree remnants and peat, offering a new source of Holocene high alpine vegetation history in the Scandes. Radiocarbon dates of 90 tree megafossils from Swedish Lapland, 29 of which had not previously been published, range from 11 980 to 1950 cal yr BP. During the interval 9500 -8500 cal yr BP, mountain birch (Betula pubescens ssp. czerepanovii) and Scots pine (Pinus sylvestris) grew 600 -700 m higher upslope than they do today, which is a new and remarkable discovery. Subsequently, tree density gradually declined at higher elevations, and as the tree line moved downslope, the ratio of Betula to Pinus increased. Tree growth ceased around 4500 cal yr BP, presumably in response to the return of perennial ice and snow. A short episode of resumed tree growth of Betula indicates conditions warmer than present around 2000 years ago. Between c. 8500 and 7300 cal yr BP, Picea abies, Larix sibirica, Populus tremula, Sorbus aucuparia and Alnus incana were subordinate species on a forest floor dominated by plant species characteristic of prealpine or subalpine woodlands. Growth of trees as much as 700 m higher upslope than today around 9500 cal yr BP implies that summer temperatures at that time may have been 3.0˚C warmer than today's temperatures (corrected for land uplift). This inferred temperature difference between the early Holocene and the present concurs with changes in the Earth's orbital parameters.
INTRODUCTION
Megafossil tree remains preserved in low alpine peats and lake sediments have for some decades been successfully used for paleo tree line reconstruction (Karlén, 1976; Aas and Faarlund, 1988; Dahl and Nesje, 1996; Kullman, 1999 Kullman, , 2008 Kullman, , 2013 Paus, 2010) . However, the virtual lack of these archives at very high elevations in the alpine zone has precluded accurate reconstruction of the highest postglacial elevation of tree growth, which hampers detailed understanding of past vegetation and climate evolution.
In many parts of the world, recent glacier recession has opened an entirely new window on the palaeoecology, vegetation history, and archaeology of sites at high elevations (Dyurgerov and Meier, 2000; Farnell et al., 2004; Dove et al., 2005; Nesje, 2009; Menounos et al., 2009; Nesje et al., 2011; Andrews and MacKay, 2012; Callanan, 2012) . In forefields of mountain glaciers and perennial snow and ice patches, in most cases quite close to the tree line, exposure of megafossil tree remnants of different species spanning major parts of the Holocene is quite common (e.g., Nicolussi and Patzelt, 2000; Hormes et al., 2001; Schlüchter and Jörin, 2004; Koch et al., 2007; Benedict et al., 2008; Joerin et al., 2008; Wiles et al., 2008; Scapozza et al., 2010; Koehler and Smith, 2011; Nicolussi and Schlüchter, 2012) . In the Swedish Scandes, reconnaissance surveys of these newly emerging habitats have highlighted a surprising plethora of debris wood currently being released from beneath receding perennial ice and snow bodies at unprecedented elevations high above the tree line (Kullman, 2004a; Öberg and Kullman, 2011a; Kullman and Öberg, 2012) .
Here we report and analyze the results of an intensified search for recently exposed debris wood and peat from forefields of glaciers and icefields and snow patches in different parts of Swedish Lapland and at very high elevations above the tree line, presenting a comprehensive synthesis of new and previously published data (Öberg and Kullman, 2011a; Kullman and Öberg, 2012) . The present extended sampling effort adds to the understanding of the upper limit, general structure, species composition of tree growth, and palaeoclimate during earlier parts of the Holocene.
STUDY AREA
The study area includes two main areas in the province of Lapland in the northern part of the Swedish Scandes: Tärna in the south and Abisko-Kebnekaise in the north (Fig. 1) . Geographical names are given in Swedish accord- Fig. 1 ). Geographical names are given in Swedish according to official topographic maps.
The highest peaks range between 1400 and 2100 m above sea level (a.s.l.), while the valley floors are at 500 to 700 m a.s.l. The bedrock is of Cambro-Silurian origin (amphibolite, greenschist, and calcareous phyllite) and the Quaternary deposits consist of peat, till, glacifluvial, and loessic accumulations. The climate is weakly suboceanic. More detailed site descriptions and accounts of the physiography, local climate, and Holocene glacier histories are provided elsewhere (Gavelin, 1910; Svenonius, 1910; Ahlmann and Lindblad, 1940; Schytt, 1959; Karlén, 1973; Holmlund et al., 1996; Lindgren and Strömgren, 2001) .
The general character of the forefields fringing the glaciers we focus on in this study is displayed in Figure 2 . Representative views of the investigated snow and ice patch sites are presented by Öberg and Kullman (2011a) and Kullman and Öberg (2012) .
The valleys and mountainsides are clad with an upper forest rim of mountain birch (Betula pubescens ssp. czerepanovii), with scattered specimens of Scots pine (Pinus sylvestris) and Norway spruce (Picea abies). The present-day (2010 -13) local tree lines, set by Betula, Picea, and Pinus trees more than 2 m tall (Fig. 3) , are used as modern references when calculating the magnitude of past changes in tree-line elevation throughout the Holocene (Appendix 1).
METHODS
The surfaces of glacier forefields were systematically searched for megafossil tree and peat remains during the late summer and early autumn of 2012 and 2013. Recovered specimens were instantly wrapped in aluminum foil and stored frozen until delivery to the dating laboratory. Only complete and spatially well separated wood pieces were dated. Thus, the risk of dating wood belonging to different specimens is negligible. This kind of sampling cannot guarantee achievement of a perfectly true representation of tree dates for each time; however, a large sample size may substantially reduce the uncertainty. This improved accuracy is most relevant for the balance between pine and birch, since birch decomposes more rapidly than pine.
Radiocarbon dating was performed by Beta Analytic Inc., Miami (USA). Radiocarbon ages are calibrated to calendar years before present (cal yr BP), with "present" = AD 1950. Dating was carried out after pretreatment with standard laboratory procedures. Calibration was conducted by use of the INTCAL09 database (Reimer et al., 2009) . In cases when simplicity is needed (running text and Fig. 6 ), the calibrated ages are quoted as the values of points where radiocarbon ages intercept the calibration curve. We recognize that these estimates are not ideal. For the present purpose, however, they are considered to be adequate, particularly since they provide data compatible with data from previous studies (Öberg and Kullman, 2011a; Kullman and Öberg, 2012) . The discussion is based on the radiocarbon time scale.
Outwashed peat cakes recovered on the forefields were dated on the basis of 2 cm slices of bulk peat samples. Some of these were coarsely analyzed for the presence of macroscopic tree remains, which were dated by accelerator mass spectrometry (AMS). In some cases, macroremains of Picea abies and understory species were dated indirectly by the radiocarbon age of the thin peat slice in which they were imbedded. In other cases, approximate ages of representatives of the last-mentioned group were estimated from dated wood samples contained in the same peat slices.
Great effort was devoted to searching alpine tundra (lakes, soils, and mires) slightly below and above the forefields here concerned for the presence of megafossils.
In most cases, the recovered megafossils had remaining bark fragments or cone and leaf characteristics that made species identification unambiguous. Some ambiguous specimens were identified by wood anatomy analysis (Erik Danielsson/Vedlab Inc.). Altitudes (m a.s.l.) and geographical coordinates of all retrieved tree remains were obtained by a GPS navigator (Garmin 60CS) that was repeatedly calibrated against distinct points on the topographical map. Reported altitudes are rounded off to the nearest 5 m. The nomenclature of vascular plants follows Mossberg and Stenberg (2003) .
RESULTS

General Character of Samples and Sites
The representative overview of the general character of tree remains, peat samples, and their discovery sites provided by Öberg and Kullman (2011a) and Kullman and Öberg (2012) is complemented here by a few examples (Fig. 4) .
Characteristically, detrital wood and peat cakes occurred in close association with main glacier outwash streams, originating from beneath glacier ice within a few hundred meters of the ice fronts. Obviously, original growing sites are still hidden by permanent ice upstream and at higher elevations. Thus, the sampling sites represent minimum elevations of the original growing sites. Some of the snow and ice patches occur in relatively flat terrain, indicating that recovered megafossils are nearly in situ.
Most of the sampled wood remains were short sections of logs, 0.2 -0.5 m in length and 5 -15 cm in diameter. As a rule, they appeared to have been recently broken, often displaying soft, rapidly disintegrating, and strongly compressed wood indicative of subglacial burial and transport. Usually, only fragments of the bark remained. In some cases, macroremains of various tree species were found as cones, bark, needles and leaf fragments embedded in peat cakes with a size of 10 -20 cm (Fig. 5) . Their rounded, somewhat compressed, and compact forms suggest that they had been dislocated by streaming water from their original growth positions, which were still covered by ice. It is reasonable to suppose that many pieces of tree remains were preserved in peat for some millennia prior to the glacier inception, which further contributed to their conservation.
In addition to wood fragments, peat cakes are regularly recovered along the outwash streams. The small fraction of these that have been dated range in age from 3900 to 8400 cal yr BP. As a rule, the peat contains plant macrofossils easily identifiable as common understory forest species and tree species such as Picea abies (8450, 8380, and 8180 cal yr BP), Larix sibirica (7320 cal yr BP), Sorbus aucuparia (8640 cal yr BP), Alnus incana (8000 cal yr BP), and Populus tremula (8590 cal yr BP) (Kullman and Öberg, 2012 ; Appendix 1).
Chronology and Elevational Structure
In total, 90 tree remains, distributed among the seven sampling sites, were radiocarbon-dated; ages ranged from 1950 to 11 980 cal yr BP (Appendix 1). Of these 90, 29 are here reported for the first time. Betula is the dominant species (53), followed in order of abundance by Pinus sylvestris (30), Picea abies (4), Larix sibirica (1), Populus tremula (1), Alnus incana (1), and Sorbus aucuparia (1). Figure 6 displays the calibrated radiocarbon ages of all recovered birch and pine megafossils relative to their present-day tree-line elevations in the study area. Except for a pine remnant dated to 11 760 cal yr BP (i.e., right at the Late Glacial/Holocene transition), no tree records originate from the first 2000 years of the Holocene. Around 9500 cal yr BP, a distinct surge of pine and birch dates emerges in the record at elevations 600 to 700 m higher than the present-day tree lines of these species. Records from these high relative elevations remained for about 1000 years. Shortly after 8500 cal yr BP, an abrupt elevational dip of approximately 200 m occurred. Thereafter, a more linear descent of Pinus and Betula proceeded until about 4500 cal yr BP, after which the records of pine and birch are virtually absent. During this later interval, birch appears to have gained in dominance relative to pine. Notably, a single birch log is dated to 1950 cal yr BP (Appendix 1, Fig. 6 ). 
DISCUSSION AND INTERPRETATION
High-Elevation Tree Growth and Landscape History
The virtual absence of megafossil tree records for the first 2000 years of the Holocene differs from the pattern of other high-mountain parts of the Scandes, where scattered trees grew during this period but exclusively at much lower elevations relative to the present-day tree line (Kullman, 2002 (Kullman, , 2013 Öberg and Kullman, 2011b) . Apart from sampling stochasticity, this feature may relate to the particular high-altitude habitats concerned here, where snow and ice may build up quite rapidly as a consequence of episodes with modest cooling (cf. Jansson et al., 1999) , making tree growth virtually impossible. In fact, shortterm glacier advances are inferred from this period in the Norwegian Scandes (Nesje, 2009 ). Subsequently and until the mid-Holocene, a diverse tree flora characterized glacier and snow cirques without perennial ice and currently situated several hundred meters above modern tree lines. These results parallel the situation in the southern Swedish Scandes (Öberg and Kullman, 2011a) , suggesting a more generic pattern, with a richer tree flora and wider amplitude of Holocene tree-line and landscape change, than is usually assumed when focusing on more traditional palaeoarchives, such as peat bogs, soils, and lakes (e.g., Berglund et al., 1996; Karlén and Kuylenstierna, 1996; A B Barnekow, 1999; Seppä and Birks, 2001; Bergman et al., 2005; Mahaney and Kalm, 2012) . Tree growth 600 -700 m above the modern tree lines in 9500 -8500 cal yr BP, as evidenced here for a particular type of habitat, is several hundred meters higher than estimated for the same time interval in previous studies that focused on low alpine terrain (e.g., Berglund et al., 1996; Karlén and Kuylenstierna, 1996; Barnekow, 1999; Seppä et al., 2004) . Within an elevational zone 200 -300 m below the glacier cirques, no megafossil or macrofossil evidence for tree growth could be found either in our study area or in other parts of the Scandes (Kullman, 1995 (Kullman, , 2013 Paus, 2010; Öberg and Kullman, 2011a) . Thus, it appears that between 9500 and 8500 cal yr BP, present-day glacier and ice patch sites stood out as more or less isolated "wood islands" in a virtually treeless landscape matrix. Thereafter, these islands gradually contracted in size and began to occur at lower elevations. In parallel, birch seems to have gained in relative dominance, after a period when pine was more prominent than previously presumed (e.g., Barnekow, 1999; Seppä et al., 2004) .
Isolated multi-species tree islands, restricted to these specific outlier habitats (glacier cirques) high above present-day tree lines, may seem counterintuitive today. They could be understood, however, primarily in light of their particular concave (parabolic) local topography and associated climate, as suggestively illustrated by Öberg and Kullman (2011a) . During warmer periods with less ice and snow, sites of this character are likely to provide higher temperatures, better wind shelter, and more stable soil moisture than much of the surrounding and more exposed high mountain landscape (cf. Elven, 1978; Anderson et al., 2009; Scherrer and Körner, 2011) . Some further support for the latter contention is provided by frequent observations that these habitats have been particularly targeted by upward expansion of "forest species" in connection with the current warm phase of the climate (Kullman, 2004b (Kullman, , 2010 Öberg and Kullman, 2011a) . With their propensity for snow accumulation, these sites offer ideal preconditions for accumulation of wind-driven seeds (Kullman, 1984 (Kullman, , 2004b .
Today, tree growth of Betula reaches tree-line positions about 200 higher than that of Pinus in the study region. The present record provides no clear indication of whether such a situation also prevailed during the early Holocene within the habitats concerned here. It may appear that pine extended somewhat higher relative to its present-day position than did birch, i.e., the vertical separation between birch and pine may have been smaller than it is today. However, it should be kept in mind that the present record is somewhat fortuitous and incomplete, being composed of wood remains that have been dislocated downslope from their original growing sites. Thus, these samples (Fig. 6) at best provide only a subdued view of the tree species zonation pattern and the positional tree-line evolution throughout the Holocene.
A virtually new discovery emerging from this and analogous earlier studies (Öberg and Kullman, 2011a; Kullman and Öberg, 2012) is that during the early Holocene, high alpine forest islands composed predominantly of birch and pine were intermixed with scattered specimens of Picea abies, Larix sibirica, Populus tremula, Sorbus aucuparia, and Alnus incana. This relatively rich arboreal high mountain flora is paralleled at lower elevations in the mountain region with several warmth-demanding tree species that currently are not growing in the region (Kullman, 2008; Öberg and Kullman, 2011b) .
The presence of Picea abies and Larix sibirica within the interval 8500 -7300 cal yr BP contributes to a growing recognition and insight that these species were regular components of the high-mountain flora within the entire extent of the Scandes, from south to north, during the early Holocene and late Weichselian (Kullman, 2002 (Kullman, , 2008 Paus, 2010 Paus, , 2013 Öberg and Kullman, 2011b; Paus et al., 2011; Carcaillet et al., 2012) . These features were previously entirely undetected by traditional pollen analysis (cf. Elven et al., 2013) . Obviously, a much higher non-analogue biodiversity prevailed during the early Holocene than has ever been supposed for high-mountain regions.
Given the rich tree flora in isolated high alpine habitats during the early Holocene, when lower reaches of the mountain valleys were still ice-covered (e.g., Kullman, 1995; Barnekow, 1999) , it is reasonable to assume that such populations have functioned as dispersal nodes for downslope afforestation of the high-mountain landscape (cf. Allen and Huntley, 1999; Kullman, 2002; Kullman and Kjällgren, 2006; Carcaillet et al., 2012) . This aspect adds to the current discourse concerning the role of small outlier populations for understanding past, present, and future arboreal biogeography (e.g., Feurdean et al., 2013) .
Aspects on Glacier and Climate History
The striking and rapid surge of warming-induced growth of Pinus and Betula at their highest Holocene levels during 9500 -8500 cal yr BP appears to be a common pattern for the entire Scandes ( widespread phenomenon represents a release from the socalled Erdalen 2 Event (10 100 to 9700 cal yr BP), which was characterized by distinct cooling and major glacier advance (Nesje et al., 1991; Dahl and Nesje, 1996) .
The tight clustering of our dated tree remains suggests that at the end of this period of rapid tree growth, the glaciers and ice patches we are concerned with here did not exist, or were much smaller than they are today, in response to warmer-than-present summers. This situation prevailed throughout most (or all) of the period 9530 -4480 cal yr BP, as inferred also in other studies in Scandinavia (e.g., Rosqvist and Østrem, 1989; Bakke et al., 2005; Nesje et al., 2008; Öberg and Kullman, 2011a) . It is reasonable to conclude that this circumstance reflects a hemispheric climatic situation related to higher-than-present insolation levels, forced largely by the Earth's orbital variations (Ekholm, 1901; Berger and Loutre, 1991) . Obviously, this mechanism has been the ultimate driver of a climate progressively more amenable to glacier expansion throughout the Holocene. Little support remains for repeated major glacier advances and retreats during this period (e.g., Karlén and Kuylenstierna, 1996) , as concluded in several other studies (e.g., Berglund et al., 1996; Nesje, 2009) .
The youngest peat date (3890 cal yr BP) constrains the continuous "tree period" and approximates the inception of perennial snow and glacier ice, which buried the last living trees and further sealed with ice those peat repositories that contained megafossils from earlier parts of the Holocene. This inference agrees with several studies indicating a distinct shift to cooler and more snow rich conditions (Neoglaciation) around that time (e.g., Karlén, 1976; Caseldine and Matthews, 1987; Snowball and Sandgren, 1996; Bergman et al., 2005; Paus, 2010; Kullman, 2013) .
Notably, a single medium-sized birch log was recovered close to the lower, present-day front of the Kårsajökel and 140 m above the modern birch tree line (Fig. 4) . Its date of 1950 cal yr BP indicates that, at that time, the glacier was more contracted upslope than at present and by inference, that this log may tentatively point to a period warmer than the present. In fact, this contention is supported by a reported finding near a glacier in SW Norway of a subfossil birch log, also located 140 m above the present tree line, and dating to about 2000 cal yr BP (Nesje et al., 1991) . Futhermore, an Icelandic glacier has released a birch log originating from virtually the same time (Ives, 1991) . In line with these findings, several other climate proxies from northern Europe indicate warmer-than-present conditions in the first decades of the Roman Empire (e.g., Hormes et al., 2004; Ljungqvist, 2009; Humlum et al., 2011; Esper et al., 2012; Kullman, 2013; Luetscher et al., 2013) . Moreover, the discovery of this birch log adds to the insight that present-day glacier recession and associated warming are not unique phenomena during the past 4500 years (cf. Kullman, 2013) .
If we assume that the tree line and tree-line change relate primarily to summer temperature (e.g., Körner and Paulsen, 2004; Holtmeier and Broll, 2005) , former tree-line positions may be used as proxy indicators of paleoclimate history (cf. Karlén 1976; Tinner and Kaltenrieder, 2005; Kirdyanov et al., 2012; Kullman, 2013) , drawing on a conventional temperature lapse rate of 0.6˚C per 100 m in elevation (Laaksonen, 1976) . Given these assumptions, the Holocene tree-line peaks, at 9500 cal yr BP and about 700 m higher than present, may imply summer temperatures 4.2˚C warmer than the first decade of the present century. This is a minimum difference, since most megafossils are downwashed from elevations higher than their sampling sites. As a consequence, the temporal record of dated megafossil tree remains provides only a weak impression of long-term summer temperature variations.
To some extent, the emerging evidence of multi-species early Holocene tree growth at unprecedented high elevations relates to substantial glacio-isostatic uplift throughout the Holocene. Since about 9500 cal yr BP, the land surface in western Lapland has been lifted by at least 200 m (e.g., Möller, 1987; Svensson, 1991; Påsse and Andersson, 2005) . Thus, the total tree-line lowering attributable to general climate forcing should be reduced to 500 m (700 minus 200), which reduces the inferred change in summer temperature from 9500 cal yr BP to the present to 3.0˚C. This lower estimate matches theoretical calculations based on insolation variations in response to the Earth's orbital changes (cf. Berger and Loutre, 1991; Esper et al., 2012) and compares well with multi-proxy reconstructions from adjacent parts of northern Lapland (Shemesh et al., 2001; Bigler et al., 2003) .
Despite the reservations and uncertainties outlined above, there is little doubt that the Holocene thermal optimum for the Scandes occurred in the earliest part of the Holocene, which concurs with multi-proxy inferences from other parts of Europe and Greenland (e.g., Paus, 2013; Luoto et al., 2014) . Other studies suggest a substantially later thermal optimum (e.g., Berglund et al., 1996; Seppä and Birks, 2001 ). However, these reconstructions are based on pollen analysis, an approach that is considered to provide less reliable temperature estimates (Paus, 2013; Elven et al., 2013) .
The present study has provided a new and virtually unexpected view of the general structure and species composition of the high-mountain landscape in northern Sweden during the Holocene. The methodological approach depends entirely on rapid melting of perennial ice and snow bodies, which makes them sensitive to annual weather anomalies. Continued research and extensive field inventories urgently need to be implemented in order to gain even more information from these rich sources concerning the structure and species composition of the living mountain landscape in the past.
